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Abstract

Axial flux permanent magnet synchronous motors (AFPMSMs) have been widely used in wind-power generation,
electric vehicles, aircraft, and other renewable-energy applications owing to their high power density, operating
efficiency, and integrability. To facilitate comprehensive research on AFPMSM, this article reviews the developments
in the research on the design and control optimization of AFPMSMs. First, the basic topologies of AFPMSMs are
introduced and classified. Second, the key points of the design optimization of core and coreless AFPMSMs are sum-
marized from the aspects of parameter design, structure design, and material optimization. Third, because efficiency
improvement is an issue that needs to be addressed when AFPMSMs are applied to electric or other vehicles, the
development status of efficiency-optimization control strategies is reviewed. Moreover, control strategies proposed
to suppress torque ripple caused by the small inductance of disc coreless permanent magnet synchronous motors
(DCPMSMs) are summarized. An overview of the rotor-synchronization control strategies for disc contra-rotating per-
manent magnet synchronous motors (CRPMSMs) is presented. Finally, the current difficulties and development trends

revealed in this review are discussed.
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1 Introduction

The permanent magnet disc machine developed in the
1970s attracted considerable research attention in the
1980s. Campbell proposed an axial-field DC machine
with a disc-shaped armature [1, 2]. The parameters of
this novel motor topology were calculated using a com-
puter program [3], and subsequently, permanent mag-
net disc motors were investigated. Moreover, permanent
magnet synchronous motors (PMSMs) have been widely
used owing to their high power density and reliability [4].
Thus, research on axial flux permanent magnet synchro-
nous motors (AFPMSMs) has attracted attention.
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Compared with radial-flux permanent magnet syn-
chronous motors (RFPMSM), AFPMSMs have many
advantages. First, the effective part of an AFPMSM is
the area perpendicular to its axis, and the wire cuts the
magnetic induction line in the radial direction, result-
ing in stator and rotor-disc structures. The disc struc-
ture can be smaller and more compact under the same
performance requirements. Therefore, AFPMSMs have
wider applications in electric vehicles, wind-power gen-
eration, and marine propulsion, where the motor size and
efficiency requirements are high. An AFPMSM has a flat
structure with short axial dimensions and is suitable in
cases of limited axial space, particularly in the wheels of
electric vehicles. In Ref. [5], a brushless AFPMSM design
method focusing on electric traction was proposed, and
the installation-position option was provided. Various
installation methods can be selected according to the size
of the body space and required power. Second, owing to
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the symmetrical arrangement of the AFPMSM stators
and rotors, the stator windings have good heat-dissipa-
tion conditions, and they can be designed with higher
power densities. In Ref. [6], an AFPMSM was designed
for low-speed wind turbines where the two rotor discs
with a central stator function naturally acted as fans.
Thus, the heat and iron losses caused by the copper coil
were eliminated. The disc-shaped stator and rotor of an
AFPMSM are arranged in an identical manner to ensure
their facile modularization and superposition. The num-
ber of phases can be increased by increasing the number
of stacks. Multiphase machines are commonly used in
marine applications. In Ref. [7], a ring-winding AFPMSM
used in a rim-driven thruster for ship electric propul-
sion was designed. Because the motor and propeller were
integrated in a single unit, this ring-winding AFPMSM
exhibited high reliability and a simple structure, and
the number of poles and phases therein could be easily
increased. Additionally, AFPMSMs have large torque-
to-mass ratios, run smoothly at low speeds, and exhibit
good dynamic performance [8—10].

AFPMSMs have been comprehensively reviewed in
this paper. In Section 2, the topologies of AFPMSMs are
introduced and classified according to the number of sta-
tors and rotors, core material, presence or absence of sta-
tor slots, winding shape, and placement of the permanent
magnet.

In Section 3, the methods for designing AFPMSMs
with an iron core to optimize motor parameter design,
structure design, and material are summarized. Section 4
summarizes the research on the disc coreless permanent
magnet synchronous motor (DCPMSM) design-optimi-
zation methods, where motor-structure design-optimiza-
tion methods are introduced separately for the rotor and
stator.

Section 5 provides a detailed overview of the research
status on and trends in cogging-torque minimization
methods, which are common optimization issues in
motor design. For an AFPMSM, motor-design optimiza-
tion is mainly used to suppress cogging torque. Therefore,
the application of various design methods such as mag-
net skew, displacement, and pole-arc optimization are
reviewed, and the cogging-torque model establishment
and parameter optimization methods are summarized.

The control strategy optimization for AFPMSMs is
summarized in Section 6 in three parts: status of the
research on efficiency-optimization strategies, torque-
ripple minimization control strategies for DCPMSMs,
and rotor-synchronization control strategies for con-
tra-rotating permanent magnet synchronous motors
(CRPMSMs). First, owing to the prevalence of AFPMSMs
in electric vehicles and other applications, efficiency opti-
mization is an indispensable for the design and control
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of AFPMSMs. Further improvements in the efficiency of
motor are difficult, and some studies have taken advan-
tage of the coordinated operation of AFPMSM stators
and rotors to propose an efficiency optimization control
strategy. At present, the main efficiency-optimization
control strategies are torque distribution and winding
switching. Next, because of the electromagnetic torque-
ripple problem caused by the small stator inductance
in DCPMSMs, a control strategy proposed to solve this
problem is summarized. Third, to address the rotor out-
of-step problem of the CRPMSM when the torque is
unbalanced, a rotor synchronization control strategy is
summarized.

Finally, the difficulties currently associated with the
research on AFPMSMs and future development pros-
pects therein are summarized.

A summary layout diagram of this paper is shown in
Figure 1.

2 Topology and Classification of AFPMSMs
The classification of AFPMSM topologies can be repre-
sented using six-levels [11], as shown in Table 1.

The first level categorizes AFPMSMs into four types
according to the number of stators and rotors [12, 13]:
single-stator single-rotor (SSSR), axial-flux internal rotor
(AFIR), toroidal stator (torus), and multi disc [14]; this
level was adopted to introduce AFPMSMs in this review.

In the second level, the stator structures are catego-
rized as iron core and coreless.

In the third level, AFPMSMs with an iron core are cat-
egorized as slotted and slotless stators [13, 15].

In the fourth level, torus motors are classified based on
magnetic polarity at the corresponding positions on the
two rotors. Therefore, the two types of torus motors are
parallel (NN) and series (NS) magnetic circuit structures.

In the fifth level, AFPMSMs are classified based on two
stator-winding structures. A winding structure called
“drum winding” surrounds the stator in the radial and
circumferential directions, as shown in Figure 2(a). Drum
windings can be either non-overlapping or overlapping
[16]. These coils are evenly distributed along the diam-
eter of the stator core in the opposite position such that
each phase has an equal number of oppositely connected
coils to eliminate the magnetic flux circulation that may
occur in the stator core [17]. Toroidal windings sur-
round the stator in the radial and axial directions and are
always non-overlapping, as shown in Figure 2(b). Non-
overlapping windings simplify the winding assembly but
affect the output torque to a certain extent owing to their
small winding factor [16]. When toroidal windings are
used in torus motors, as shown in Figure 3, radial wind-
ings are used to generate torque to maximize the active
portions of the windings, resulting in relatively short
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Figure 1 Organization of the paper

Table 1 Classification of AFPMSMs
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AFPMSM
Structure SSSR AFIR Torus Multi-disc
Core Iron core Iron core Iron core Coreless
Slotting Slotted Slotless Slotted Slotless Slotted Slotless
(AFIR-S) (AFIR-NS) (Torus-S) (Torus-NS)
Magnetic circuit NS NS(NN) NN NS NN NS
Winding Drum Toroidal Drum Toroidal Drum Toroidal Drum Toroidal Drum

Special structure

CRPMSM-TORUS-NS YASA AFPMSM-TORUS

“%

Figure 2 Winding structure of AFPMSM: a Drum and b Toroidal
windings
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Figure 3 Sectional view of a torus-NS motor: a Magnetic circuit, b
Stator structure, and ¢ Rotor structure

end windings. Short end windings provide lower copper
losses and higher efficiencies [18]. As shown in Figure 4,
when toroidal windings are used for AFIR motors, part of
the windings is used to generate torque and is located on

(a)
Figure 4 Sectional view of an AFIR-NS motor: a Magnetic circuit, b
Stator structure, and ¢ Rotor structure

the inner side of the stator facing the rotor. As a result,
the end windings in the AFIR-NS topology are relatively
long, resulting in a lower efficiencies and higher copper
losses.

At the sixth level, two types of CRPMSMs with spe-
cial structures are introduced, which are deformed by
changing the winding structure of the torus-NS motor. A
yokeless and segmented armature (YASA) AFPMSM is a
torus motor without a stator yoke.

The heat dissipation and increase in temperature
depending on the motor structural characteristics of
AFPMSMs are also investigated. The electromagnetic
and thermal design of a motor directly determines its
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service life, efficiency, and manufacturing cost [19,
20]. To determine the increase in the temperature of a
motor, a thermal analysis model must be established for
AFPMSMs that not only monitors whether the clicks
are in a normal running state but also provides guidance
for the parameter configuration of the motor design. In
Ref. [21], a lumped-circuit thermal-analysis model for an
AFPMSM was established. The increase in temperature
determined from the thermal analysis provided guidance
for the configuration of the frequency, current density,
and air-gap flux-density values and selection of materials.
In Ref. [22], the thermal and demagnetization analyses
of an AFPMSM for railway vehicle propulsion are dis-
cussed. The motor components were tested under three
working conditions to obtain temperature images. The
motor temperature was monitored to determine whether
the permanent magnet became demagnetized owing to
overheating during normal operation. In Ref. [23], based
on the structural characteristics of an AFPMSM, convec-
tive cooling was reported to have a significant impact on
the thermal design of a motor. Therefore, an electromag-
netic and thermal coupling model was introduced and
verified by comparing the model results with actual ther-
mal-image measurement results.

Compared with a traditional radial PMSM, the sta-
tor windings of an AFPMSM provide better heat dis-
sipation in terms of structure, and they can be designed
with higher power densities. Additionally, to obtain bet-
ter heat dissipation and enhance the cooling effect, the
structure of an AFPMSM can be optimized via water-and
oil-cooling methods. In Ref. [24], the heat-dissipation
capacity was increased by optimizing the stator structure
and using the water-cooling method; furthermore, three
structures were designed and compared using a thermal
analysis. In Ref. [25], the structure of a motor end wind-
ing was improved using the water-cooling method to
enhance heat dissipation. In Ref. [26], a motor end wind-
ing was directly oil-cooled, and the performance of the
machine was compared with that after water-cooling.

2.1 SSSR Motor

The SSSR motor structure is the most elementary struc-
ture, which is composed of a stator consisting of a wind-
ing, an iron disc, and a rotor manufactured from a steel
disc [18]. Owing to the presence of only one air gap, the
large axial force exerted on the stator by the rotor can
easily damage the motor structure if the mechanical
design or assembly is ineffective. Moreover, the magnetic
field of the rotor alternates in the stator and causes losses,
thereby reducing the operating efficiency of the motor.
Therefore, SSSR motors are not widely used in practical
situations.
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Figure 5 Magnetic circuit type of a torus-S motor: a NN and b NS
type

Figure 6 Magnetic circuit of a coreless torus-NS motor

2.2 Torus Motor

A single-stator—dual-rotor AFPMSM is a PMSM with
a toroidal stator (torus) structure [11, 18]. The stator of
the torus motor is sandwiched between two permanent-
magnet rotors, which consist of steel discs with NdFeB
permanent magnets and a shaft, as shown in Figure 3(c).
Torus motors are either slot (torus-S) or slotless (torus-
NS). The torus-NS motor demonstrates better perfor-
mance owing to its simple stator production, small motor
leakage inductance, and small torque fluctuations; how-
ever, it uses more permanent magnets, which increases
the production cost.

Torus-S motors can be further classified as NN- and
NS-types according to the form of the magnetic circuit
[27, 28]. As shown in Figure 5(a), homopolar magnetic
poles are located on the two rotors of the NN-type torus-
S motor. The N and S magnetic poles on each side of the
rotors form a parallel magnetic circuit with the air-gap,
windings, and part of the stator core on this side. The two
parallel magnetic circuits pass through the stator core in
the circumferential direction and do not interfere with
each other when the stator core is sufficiently thick.

As shown in Figure 5(b), heteropolar magnetic poles
are located on the two rotors of the NS-type torus-S
motor. The N and S magnetic poles on each side of the
rotors form a series magnetic circuit with the air gap and
windings on this side, which directly penetrates the sta-
tor core axially. The NS-type torus motor is a DCPMSM,
as shown in Figure 6, and characterized by a small motor
iron loss, small motor reactance, large current ripple, and
difficult motor control. Figure 7 shows the magnetic cir-
cuit diagram of a torus-NS motor.
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Figure 8 Winding types for an AFPMSM: a CRPMSM and b torus-NS

PMSM

The CRPMSM is a special structure of the torus-NS
motor, which is used to drive a counter-rotating propel-
ler [29]. The CRPMSM was first proposed by Professor F.
Caricchi of the University of Rome. It outputs mechanical
energy by nesting the output shafts of two independent
permanent magnet rotors, and the two shafts drive two
propellers [30]. The structure of a CRPMSM is similar to
that of a torus-NS motor; however, their winding struc-
tures are different. In Figure 8(a), the ends of the wind-
ings shown by the dashed lines indicate that the A- and
B- phase windings of the stator are cross-wound on the
core; thus, the phase sequences of the windings on the
two sides of the stator core are opposite. When a three-
phase alternating current is applied, a pair of magnetic
fields rotating in opposite directions is generated on both
sides of the stator. Figure 9 shows the winding structure
of the CRPMSM [29], and Figure 8(b) shows the wind-
ing structure of the torus-NS motor. The opposite wind-
ings on the two sides of the stator core are connected at
the ends of the windings, as shown by the dashed lines,
to form various toroidal windings. The only difference
between Figure 8(a) and (b) is that the magnetic fields on
the two sides of the stator core rotate in the same direc-
tion in the winding structure shown in the latter [31].

2.3 AFIR Motor

A dual-stator—single-rotor AFPMSM exhibits an AFIR
structure and consists of an intermediate rotor and two
stators fixed on both sides of the rotor. Both stators of
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Figure 9 3-D winding structure of a CRPMSM
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the AFIR motor form a rotating magnetic field. There-
fore, its control is more flexible, and it has a wider
high-efficiency coverage. Therefore, a continuous,
stable, and high-efficiency control strategy for AFIR
motors must be investigated [32]. The rotor of the AFIR
motor is composed of axially magnetized NdFeB per-
manent magnets and a shaft without a steel disc that
is slightly different from that of a torus motor. To form
a rigid structure to hold the magnets without a rotor
disc, non-magnetic materials are used to fill the space
between the magnets [18], as shown in Figure 4(c).
Thus, an AFIR motor exhibits a power-to-inertia ratio
higher than that of a torus motor. AFIR motors can be
slotted (AFIR-S) or slotless (AFIR-NS). Figure 10(a) and
(b) show the magnetic circuits of AFIR-NS and AFIR-S
motors, respectively. Figure 11 shows the structure of
an AFIR-S motor [30]. In general, no steel disc exists
in the rotor of the AFIR motor, whose magnetic circuit
type is NS. However, to make control more convenient,
some studies have divided the steel disc of the rotor
into two isolated parts and placed permanent magnets
facing the stators on both sides to form an NN-type
magnetic circuit, as shown in Figure 12 [33, 34].
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Figure 12 Structure of an NN-type AFIR-S motor

2.4 Multi-Disc Motor

A multi-disc motor consists of several stacked AFIR-
and torus-structure motors. Generally, an SSSR motor
increases the motor torque by increasing the disc diam-
eter. However, owing to the limitations of the axial
force exerted by bearings and the disc stiffness, the
extent to which the torque can be increased is limited.
Therefore, a multi-disc motor is a better solution for
high-torque transmission devices [17]. Additionally,
because the power of an AFPMSM is independent of its
axial length, the number of stators can be increased to
improve the output power of the motor [35].

Sections 2.1, 2.2, 2.3 and 2.4 described the advan-
tages and disadvantages of various AFPMSM structures
based on the number of stators and rotors. An overview
is provided in Table 2.
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3 Design and Optimization of an AFPMSM
with an Iron Core

Motor-design methods have been extensively investi-
gated. The key aspect of motor design is electromagnetic
performance design. The most commonly used methods
include the size equation [11, 31, 36, 37], finite element
analysis (FEA) [31, 38, 39], equivalent magnetic circuit
[40, 41], and analytical calculation methods [42, 43]. The
improvements in motor-design methods are essential for
motor optimization, and many studies have focused on
broader prospects of optimization. This article reviews
the optimization methods for motor parameters, struc-
ture design, and materials [44].

3.1 Parameter Optimization

Because of the strong coupling and nonlinear relation-
ship between the various motor parameters, some stud-
ies have transformed the optimization of motor design
into a multi-objective optimization problem, i.e., adopted
an improved parameter-optimization method to design
motor parameters more accurately.

Cvetkovski et al. aimed to minimize the rotor mass of a
dual-stator—single-rotor motor using a genetic algorithm
to optimize the parameter calculation [45]. As a result,
the motor mass was reduced from 24.096 to 20.016 kg
to achieve a lightweight motor design. The effective-
ness of the genetic algorithm was verified by comparing
the air-gap flux-density distribution and magnetic field
under no-load and rated-load conditions. Luo et al. used
a hybrid optimization algorithm, which incorporated the
response-surface method, variable-density method, and
particle-swarm optimization (PSO) algorithm, to opti-
mize the size and topology of an in-wheel AFPMSM to
reduce the motor mass [46].

A surrogate-assisted multi-objective optimization
algorithm (SAMOO) was proposed to replace 3-D FEM
analysis [47]. The SAMOO achieved an evenly distrib-
uted and accurate Pareto front set without requiring a
large number of functions. To verify the superiority of
SAMOO over traditional multi-objective optimization
algorithms, the skew and pole-arc to pole-pitch ratio of
a torus motor were optimized. As a result, the motor
torque amplitude increased from 1.39 to 1.45 Nm, and
the torque ripple decreased from 79.35% to 7.24%. Akinci

Table 2 Advantages and disadvantages of various AFPMSM structures

Structure Advantages Disadvantages
SSSR Simple structure, good heat dissipation Large axial magnetic pull, low efficiency, Easy to damage
Torus Torus-NS Low torque ripple High production cost
Torus-S Small iron loss Large current ripple, difficult to control
AFIR Small moment of inertia, High torque density Large hysteresis loss, Large eddy current loss
Multi-disc High output power, high power density Large space occupancy
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Figure 13 Topology of the YASA structure of an AFPMSM

and Polat adopted a genetic algorithm to optimize a
motor design to maximize motor efficiency [48].

3.2 Structural Optimization

Developing a new motor structure is important for the
optimization of motor performance, and one of the main
optimization goals is lightweight motors. Woolmer et al.
proposed a YASA structure for an AFPMSM. Based on
the traditional torus motor, the entire stator was replaced
with segmented stators fixed on the casing, and the stator
yoke was removed. Furthermore, as shown in Figure 13,
square coils were used to efficiently utilize the slot space
to achieve a high fill factor, shorten the axial length of the
motor, and further reduce the weight [49]. Consequently,
the YASA motor had approximately 50% less stator
weight, exhibited a 20% increase in torque density, and
reached 95% efficiency. A Korean study applied a stator
coreless structure to a torus motor, which significantly
reduced the motor weight [42]. A proposed single-phase
flux-switching permanent magnet motor (FSPM) with
a tapered rotor pole resulted in different air-gap reluc-
tances along the path from one side of the rotor pole to
the other, thereby enhancing the capability of unidirec-
tional rotation and improving the self-starting torque
[50]. Furthermore, a new axial ferrite-magnet-assisted
synchronous reluctance motor was reported to use less
magnetic material to achieve a higher torque density [51].

3.3 Material Optimization

The most important goals of motor-design optimization
are lightweight and performance enhancement. With the
development of new materials, material optimization has
become an important aspect in motor-design optimiza-
tion, and alternative materials have been developed for
each motor part. The magnetic material is an important
component, and its weight and performance have a sig-
nificant influence on the power density and operational
efficiency of a motor. Soft-magnetic materials are the pri-
mary materials used in motors. They are ideal substitutes
for steel cores because of their low eddy-current and
hysteresis losses and are widely used nowadays [39, 52].
The most commonly used soft magnetic materials are
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soft-magnetic alloys, soft-magnetic composites (SMCs),
and amorphous metals (AMMs).

Ni-Fe and Co-Fe are the most common soft-magnetic
alloys. Ni—Fe produces a lower core loss than Co—Fe and
is more in line with the requirements of high-speed low-
torque motors, while Co—Fe is more suitable for low-
speed high-torque motors because it achieves higher
flux densities. Therefore, the use of soft-magnetic alloys
largely depends on the performance requirements of the
motors [53—55]. SMCs are the most widely used materials
for motor design. The SMC core is usually manufactured
by bonding or sintering iron particles with a polymer or
resin or by pressing the iron particles. Various studies
have proven that SMCs are a good choice for high-speed
motors because of their low flux densities [53], resistivi-
ties better than those of AMMs, and lower eddy-cur-
rent losses. However, low permeability, low mechanical
strength, weak anti-vibration ability, short service life,
and degradation properties are factors that limit a wider
use of SMCs [53, 56, 57]. Compared with soft-magnetic
alloys and SMCs, AMMs exhibit lower core losses, higher
coercivities, and higher permeabilities; therefore, AMMs
are suitable for high-speed and high-frequency motors.
However, the high hardness values of AMMSs necessi-
tate the use of precise cutting technologies when used in
motor structures [58].

In Ref. [57], the performance of AFPMSMs was com-
pared with those of electrical-steel and SMC cores
over a wide frequency range. SMCs exhibited tempera-
ture characteristics worse than those of a steel core but
smaller torque fluctuations in the high-frequency region
and higher operating efficiencies. In Ref. [59], a YASA
AFPMSM with an SMC core was proposed with a shoe-
width ratio (a,) adjustable in a large range, as shown in
Figure 14. The back EMF waveform was closest to a
sinusoidal distribution at ¢y = 0.8. A comparison of the
back EMFs of the motor for various shoe-width ratios is
shown in Figure 15.

In addition to using soft-magnetic materials to replace
steel cores, coreless motors employ non-ferromagnetic
materials in the stator core to reduce the motor mass and
increase the torque and magnetic field density. In Refs.

Stator shoe

Rotor

@

SMC core Coil
Figure 14 Structure of a YASA with an SMC core



Zhao et al. Chinese Journal of Mechanical Engineering (2023) 36:45

200

-0 =0.73
- 0.80
-0 =0.93

100

-100

No-load back-EMF (V)
(=]}

-20 y
(0() 2 4 6 8 10
Time (ms)

Figure 15 Comparison of back EMFs for various shoe-width ratios

[52, 60], the feasibility of replacing the rotor and sta-
tor with non-ferromagnetic materials was comprehen-
sively analyzed in terms of magnetic flux path, selection
of alternate materials, manufacturing techniques, and
production and cost advantages. Moreover, thermoplas-
tics such as Polybenzimidazole (PBI), Polyamide imide
(PAI), Polyphenylene sulfide (PPS), and Polyether ether
ketone (PEEK) that satisfy the mechanical strength and
thermal stability of a motor rotor have been introduced.
Table 3 presents a comparison of the performance of
thermoplastics with those of CE221 and 42CrMo4 steel,
and suitable materials can be selected according to motor
performance requirements.

4 Design and Optimization of an AFPMSM Without
an Iron Core
Silicon-steel sheets with high permeability are usually
laminated to form an iron core in AFPMSMs to increase
their magnetic induction intensities by reducing their
magnetic reluctance. However, an iron core increases the
volume and weight of a motor, which restricts its applica-
bility when the size of the motor is limited [61]. Owing to
the slot effect, the electromagnetic torque ripple cannot
be ignored when an iron-core motor is running. Mean-
while, the hysteresis and eddy-current losses caused
by an iron core under the action of a rotating magnetic
field account for more than 20% of the total motor
loss and reduce motor efficiency. Therefore, NdFeB

Table 3 Properties of high-performance thermoplastics
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permanent-magnetic materials with high coercive forces
and remanence densities are applied to such motors to
obtain sufficient magnetic potential to achieve the core-
less motor structure shown in Figure 6. A DCPMSM has
a compact axial structure, low mass, high power density,
low vibration and noise, and high efficiency [62, 63]. As
with AFPMSMs with cores, the design optimization of
DCPMSM parameters, structures, and materials has
been studied.

4.1 Parameter Design Optimization

Intelligent algorithms have been previously combined
with traditional parameter-optimization methods for
DCPMSMs to obtain the optimal parameter sets [64, 65].
In Ref. [64], to achieve maximum motor power density,
a PSO algorithm was used to optimize the thickness of
a permanent magnet, air-gap length, pole-arc coeffi-
cient, and thickness and inner radius of the winding disc,
resulting in approximately 80% increase in the power
density. Le et al. employed a support vector machine with
an orthogonal design to establish an accurate model [66].
To obtain a global optimal solution between torque rip-
ple and output torque, a genetic algorithm was added for
the target optimization. Under the same working condi-
tions, the output torque was increased by 18.5%, and the
torque ripple was reduced by 33%. Aydin et al. used the
size approach method to obtain the highest power den-
sity, least weight, and highest torque-to-weight ratio [67].
The number of motor poles was first determined to be
24, and the magnetic equivalent circuit was used for the
magnetic modeling and the design of the initial parame-
ters for several turns, magnetic pole-arc ratios, and other
factors. Finally, a reliable coreless dual-rotor AFPMSM
was designed for solar vehicles based on 3D-FEA. In
Ref. [65], a new method was proposed to determine the
axial component of the magnetic flux density and more
accurately calculate the optimal thickness of a rotor disc,
based on the deflection of the rotor, to reduce the motor
mass.

Material PEEK PPS PAI PBI CE221 42CrMo4 Steel
Tensile strength at 25 °C (MPa) 110 93 150 110 92 1000

Tensile strength at 65 °C (MPa) 827 552 150 110 n/a 1000

Flexural strength(MPa) 172 145 190 221 131 n/a

Thermal conductivity (W/(m-K)) 0.252 0.288 0.260 0403 0.167 40

Density (g/cm3) 131 135 1.41 13 1.21 78

Water absorption (%) 0.1 0.01 0.35 04 0.21 n/a

Heat deflection temperature (°C) 160 120 280 425 201 n/a
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4.2 Structural Design Optimization
The structural design of a DCPMSM is mainly classified
as rotor and stator structures.

4.2.1 Rotor Structure
Because of the lack of an iron core, a DCPMSM exhibits
a low magnetic flux density; however, a PMSM requires
an air-gap magnetic flux density with as large a funda-
mental wave amplitude as possible to increase motor
output torque, reduce winding current and losses, and
thereby increase motor power density [68]. Two methods
are available to improve the air-gap magnetic flux den-
sity [69]: one is to choose rare-earth permanent magnetic
materials with high remanence densities, and the other is
to optimize the magnetic steel structure. However, owing
to the high price of rare-earth permanent magnetic mate-
rials, their use must be restricted without reducing the
performance of the motor to save costs [70]. Therefore,
the common means of optimization is to change the
shape and arrangement of the magnets. DCPMSMs can
be categorized as surface-mounted, interior, and Halbach
types according to their permanent-magnetic structure.
The magnet shape of a surface-mounted AFPMSM can
be semicircular, trapezoidal, rectangular, or circular [71,
72]. Figure 16 illustrates these four types. A trapezoidal
permanent magnet is always preferred in the absence of
a special requirement for the cogging torque, as it exhib-
its the most uniform magnetic-field distribution. Circu-
lar and rectangular permanent magnets are fixed in type
and have low design costs. A circular permanent magnet
exhibits the best torque-output capability. Under identi-
cal experimental conditions, the total harmonic distor-
tion (THD) of the low-order harmonics of a semicircular
permanent magnet is smaller than that of a trapezoidal
permanent magnet; however, the THD of the high-order
harmonics of a semicircular permanent magnet is larger.
In terms of the interior structure, an AFPMSM with
sinusoidal rotor segments (AF-IPM) was proposed [73],
as shown in Figure 17. The torque density of the AF-
IPM was 35.7% higher than that of a surface-mounted
AFPMSM with the same stator, its fundamental wave of
the back EMF was 16% higher, and the THD of its back
EMF was 61.44% lower; however, it produced a slightly

higher torque ripple.
(©) (d)

Figure 16 AFPMSM permanent-magnet shapes: a Semicircular, b
Trapezoidal, ¢ Rectangular, and d Circular
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Figure 17 Structure of an AF-IPM

Gieras et al. first applied a Halbach array to a
DCPMSM to obtain an air-gap flux density close to a
sinusoid, thereby improving the motor power density and
efficiency [74]. Figure 18 shows a sectional view of a dual-
rotor DCPMSM based on a Halbach array. The Halbach
array causes the magnetization vector to continuously
rotate, which direction is as a function of the distance
along the array. Thus, every two adjacent magnetization
vectors are at an angle, and the commonly used angles
are 90°,60°, and 45°, corresponding to two, three, and
four blocks per pole [43]. Figure 19 shows the magnetiza-
tion directions of permanent magnets at three different
angles.

The torque ripple and back EMF of a motor are related
to the sinusoidal characteristics of the air-gap flux den-
sity [75]. The Halbach array can improve the air-gap mag-
netic-field waveform. Therefore, a magnetic field that is
closer to the sinusoidal distribution in space is obtained
to reduce the cogging torque. Moreover, based on the
superior ability of magnetic gathering, a Halbach array
uses a combination of radial and tangential arrays to
increase the magnetic field on one side and decrease the
magnetic field on the other side to improve the air-gap
flux density. In this case, the torque density of the motor
increases, thereby reducing the size of the motor under
the same torque capacity requirement. Compared with
the conventional radial excitation motor, a motor based
on a Halbach array has a lower no-load loss.

The performance of DCPMSMs has been previously
improved using Halbach arrays. Wang et al. proposed a
DCPMSM with a wedgy air-gap in which the slot space
factors at the inner and outer diameters of the motor
rotor were designed to have the same value, as shown
in Figure 20 [75]. Static air-gap magnetic field analysis
of the wedgy and even air gaps was carried out in this
study. The wedgy air-gap DCPMSM exhibited signifi-
cantly better performance indicators than those of the
even air-gap DCPMSM. Specifically, its efficiency was
0.6% higher, and its air-gap density amplitude was 0.14
T higher.

The magnet structure of a DCPMSM based on a Hal-
bach array can also be optimized. In Ref. [43], the edge
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Figure 18 Sectional view of a DCPMSM
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Figure 19 Halbach arrays

Figure 20 Structure of wedgy air-gap

shape of the permanent magnet of a 90° Halbach array
was optimized to an outer circle, inner circle, and rec-
tangular chamfer, as shown in Figure 21. FEA was used
to analyze the fundamental wave amplitude and sinu-
soidal characteristics of the air-gap magnetic field. The
optimized permanent-magnet shape reduced the mag-
netic leakage between the permanent magnets and low-
order harmonic content of the air-gap magnetic flux
density, thus making the waveform closer to a sinusoid.
Among these shapes, the inner circle proved to be opti-
mal. Upon further investigation, the air-gap magnetic
flux densities of the 90° and 45° arrays with optimized
magnets were found to be the same; however, the instal-
lation and magnetization of the 90° array was more
convenient.
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Figure 21 Halbach arrays with various shapes of magnets: a Right
angle, b Round, c Fillet, and d Rectangular chamfered

Figure 22 Winding structures: a Rhomboidal, b Circular, ¢
Trapezoidal, and d Hybrid

4.2.2 Stator Structure

The optimization of a stator structure mainly involves
changes to the stator windings. As mentioned in Sec-
tion 1, stator windings can be drum or toroidal windings.
Toroidal windings can only be non-overlapping, whereas
drum windings can be overlapping or non-overlapping.
Because non-overlapping windings can achieve perfor-
mance similar to those of overlapping windings with less
copper content, in some cases the torque performance is
better [76]. This has resulted in more extensive research
into the application of non-overlapping windings.

The most commonly used winding shapes include trap-
ezoid, rhomboid, hexagon, and circular [72]. In Ref. [77],
a hybrid winding with a better performance was pro-
posed, as shown in Figure 22(d). This new type of wind-
ing combined the advantages of circular and trapezoidal
windings with short ends and a small winding resistance.
Therefore, the copper loss was lower, and the power den-
sity and back EMF was higher. Moreover, the superior-
ity of the hybrid winding was verified by comparing the
3D-FEA of trapezoidal, rhomboidal, circular, and hybrid
windings. Zhang et al. used single-layer concentrated
windings on a single-stator—dual-rotor DCPMSM to
reduce the air-gap length, thereby increasing the power
density and verified the reliability of this method via
3D-FEA [78].
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Figure 24 Structure of AFPMSM with hybrid PCB coil

The manufacture level of a stator winding not only
determines its life, heat resistance, and mechani-
cal strength but also the smallest air gap that may be
achieved using it. Two stator winding manufacturing
methods exist for disc motors: wire winding and print-
ing. Currently, wire winding is the most commonly
used method and requires high-precision windings to
ensure consistency; thus, the manufacturing process
is complicated. With the development of printing tech-
nology, the maximum number of layers and thickness
of copper achievable on printed circuit boards (PCBs)
have increased, and the costs associated with them have
decreased. This has attracted attention to PCB stators
with good precision and consistency. Figure 23 shows
the simulation model of a DCPMSM with a PCB stator.
The optimization of the application of PCB stators in
AFPMSMs has been extensively studied.

The hybrid windings employed in Ref. [77] adopted
PCB windings, as shown in Figure 24. In Refs. [79, 80], a
miniature axial flux motor with a prototype diameter of
17 mm was proposed, as shown in Figure 25. The motor
employed rhomboidal PCB windings to obtain a back
EMEF similar to a sinusoid and shortened the length of
the winding ends to reduce copper loss. In Ref. [81], non-
overlapping concentric PCB windings that were simple in
structure and highly reliable, could be flexibly modified,
and easily achieved uniform distribution were adopted
to replace the traditional coil winding filled with epoxy
to achieve better manufacturability. The winding shape
was changed into a hexagonal asymmetric structure by
inclining the conductors of the trapezoidal winding at
an angle, as shown in Figure 26, to obtain a motor with a
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Figure 25 Structure of miniature AFPMSM with rhomboidal PCB coil

Figure 26 3-D finite simulation model of a hexagon PCB coil

less copper loss than that in a trapezoidal PCB winding.
For further optimization, the radial length of the coil was
increased by 50% to couple the rotor flux linkage, which
ultimately increased the ratio of torque-to-copper loss
by 21%. In Ref. [82], a multilayer PCB was applied to a
dual-stator—triple-rotor DCPMSM, and the eddy-current
losses in the winding were reduced by connecting eight
PCB boards in parallel.

Regarding the issue of back-EMF distortion in hexago-
nal or trapezoidal PCB stator windings, a non-overlap-
ping wave-type distributed winding was proposed in Ref.
[83] to minimize harmonics in the back EMF, thereby
reducing the high-frequency rotor core loss. Figure 27
shows the structure of the new winding. Meanwhile, to
reduce the copper loss resulting from the small-track
cross-sectional area of the PCB windings, the number
of layers on the PCB was optimized to 12. Additionally,
the Halbach array was used to increase the air-gap mag-
netic flux density and achieve a motor efficiency of 96%
at 30000 r/min.

4.3 Material Optimization

DCPMSMs have been studied to look for alternative
materials for windings and rotors with excellent perfor-
mance. Alternative conductor materials for windings
have been studied, such as aluminum or carbon nano-
tubes (CNTs), to improve their torque-to-mass ratios
[84]. Figure 28 shows a comparison of the winding
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Figure 27 Winding structure proposed in Ref. [83]

CNT material coils
(worst conductivity)
with 1.3 times larger diameter
and 0.58 pu current

Copper coils

e

Aluminum material coils
with 1.12 times larger diameter
and 0.81 pu current

—

Litz wire coils
with 1.08 times larger diameter
and 0.86 pu current

Figure 28 Comparison of the winding diameters of various materials
under the same torque-loss ratio

Cu coil Al coil Litz CNT coil

Figure 29 Total weight and component proportions of motors
fabricated using copper, Litz wire, aluminum, and CNT coils
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diameters of various materials under the same torque-
loss ratio. CNTs exhibit the smallest mass density; there-
fore, a CNT motor is lighter. Figure 29 shows the total
weight and proportion of each motor component com-
posed of copper, aluminum, Litz wire, and CNT coils.
The CNT-based motor exhibits the lowest coil mass ratio.

Figure 30 shows the power per unit mass and vol-
ume of a coreless AFPMSM fabricated using various
coil materials at various speeds. The CNT-based motor
demonstrates a better power per unit mass than the
copper-based motor at high speeds. Therefore, a CNT
coil is more suitable for applications with higher quality
requirements. The final experimental results showed that
aluminum had the advantage of being lightweight and
low cost and that CNTs were lighter and exhibited no
skin effect to reduce losses.

5 Minimization of Cogging Torque

Torque-ripple suppression has always been a major topic
in AFPMSM research, particularly in low-speed appli-
cations, and the torque ripple generated by a motor and
inverter may cause serious problems [85, 86]. Torque
ripple affects torque quality, system performance, and
vibration noise. Cogging torque is one of the main
torque-quality problems addressed by motor design.
Cogging torque is the torque ripple caused by the inter-
action between the permanent-magnetic field and var-
iable-stator reluctance generated by the stator slot [87].
This is owing to the uneven distribution of the air-gap
magnetic flux. To obtain better torque and speed perfor-
mance, cogging torque must be minimized.

Cogging torque is mainly generated because of motor-
design defects, and the stator current does not contribute
to the generation of the cogging torque. Therefore, cog-
ging torque minimization is mainly used to optimize the
motor design, including magnet skew, pole-arc, dummy
slot, and ratio of rotor-pole to stator-slot numbers [88,
89].
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Figure 30 Power per unit mass and volume of coreless AFPMSMs fabricated using various coil materials at a 3600 r/min, b 7000 r/min, and € 10000

r/min
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M. Aydin has made a significant contribution to the
study of cogging-torque minimization. In 2003, he inves-
tigated the best magnetic pole-arc ratio in the range
0.333-1.000 to minimize cogging torque and compared
the stator-side and rotor-side cogging-torque minimiza-
tion techniques for a 24-slot 8-pole single-stator—dual-
rotor motor. He analyzed the effects of optimizing the
ratio of rotor-pole to stator-slot numbers, number of
dummy slots in the stator teeth, magnet pole-arc, stator
slot skew, rotor magnet skew, magnet or pole displace-
ment, and variable magnet pole arc. Figure 31 shows
several skewing techniques for AFPMSMs. From a cost
point of view, stator-side cogging-torque minimization
is not ideal. A comparative analysis [90] indicated that
slot skew, magnet skew, and permanent-magnet shape
improvement were the most commonly used and effec-
tive cogging-torque minimization methods. Therefore, in
Refs. [87, 91], FEA was used to study the AFPMSM mag-
net skew technology for various magnetic pole-arc ratios
and shapes. The final experimental results are shown in
Figure 32. When the magnetic pole-arc ratio was 0.778,
the peak cogging torque of the fan-shaped magnets was
37.5% and 62.5% higher than those of parallel-sided and
circular magnets, respectively, and the triangular skew
magnets were the most cost-effective and effective.

In Ref. [92], the effect of magnet asymmetry on mini-
mizing the cogging torque of an AFPMSM with an inte-
ger pole/slot/phase was studied and a motor with shifted
and skewed magnets was designed. Furthermore, the
effects of magnet skewing and shifting on reducing cog-
ging torque were experimentally verified. In Ref. [93],

€3]

Figure 31 AFPMSM skewing techniques: a Unskewed, b
Conventional, ¢ Triangular, d Parallel-sided, e Trapezoidal, f Circular,
and g Dual skewed
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Figure 32 Peak-to-peak cogging torque comparison diagram

the asymmetrical bidirectional magnet skewing (ABMS)
technique was applied to an AFPMSM. By comparing
the three types of ABMS (ACAC, ACCA, and AACC)
with various cross positions and skew angles, the effect
of ABMS on minimizing the cogging torque was veri-
fied, and the applicable range of each structure was ana-
lyzed. Figure 33 shows the three ABMS layout methods.
Tiegna et al. proposed a double-magnet skew technology
and compared it with traditional and fan-shaped magnet-
skew technologies [94]. The effect of double-magnet skew
on cogging-torque minimization was verified experimen-
tally, and the double-magnet skew technology was found
to have a lesser effect on motor performance.

To better understand the principle of cogging torque
and analyze the effect of the frequency and amplitude of
cogging torque, an intuitive and accurate cogging-torque
model must be developed. Generally, 3D-FEA is used for
such an analysis; however, this method is limited in the
discussion of optimal torque characteristics and is time
consuming. Therefore, an analytical torque-calculation
model has been proposed based on magnetic field anal-
ysis by employing the Maxwell tensor theory to derive
and calculate the analytical model of cogging torque [95,
97]. Zuo et al. further used the radial pole-arc coefficient
changing method, which employs various pole-arc coef-
ficients of permanent magnets in the radial direction
[97]. Thus, torque ripples of the opposite phase were

Figure 33 ABMS AACC, ACCA, and ACAC layouts
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generated at various radii, and the cogging torque was
effectively reduced; however, the obtained motor output
performance was slightly lower.

To minimize the cogging torque via motor design, the
parameter optimization method has been employed in
motor design. In Ref. [98], an improved climb method
was proposed using a multi-contour strategy to quickly
determine the optimal motor parameters for cogging-
torque minimization in a multidimensional optimization
problem. Xu et al. established a response-surface model
and combined it with a genetic algorithm to determine
the optimal combination of the stator shoe-width ratio,
magnet skew angle, and stator-shoe shift angle to mini-
mize the cogging torque [59]. Sun et al. used the same
parameter optimization method as Ref. [92], but the
parameters were optimized for the magnet skewing
angle, position angle, magnet skewing mode, magnetic
pole-arc ratio, and structure of the reluctance rotor [89].

6 Control Strategy Optimization

To further optimize motor design and materials,
improvements in motor control strategies have been
investigated. To reduce torque ripple, the PSO algorithm
has been used to optimize the parameters of the propor-
tional integral (PI) controller. Experiments have shown
that this method can effectively reduce the torque rip-
ple and improve the stability of the control system. Neu-
ral networks and fuzzy control strategies have also been
introduced to reduce torque fluctuations. For the torque-
distribution optimization of multi-disc AFPMSMs,
simulated annealing and genetic algorithms have been
employed to design the torque distribution of motors,
reduce system losses, and widen the high-efficiency
interval.

6.1 Efficiency Optimization Strategy

Disc motors have emerged as alternatives to REPMSMs
for drive motor applications requiring high-power den-
sity and operating efficiencies such as electric vehicles,
wind-power generation, and ship drives [11]. To further
optimize operational efficiency, efficiency-optimization
control strategies must be investigated. At present, there
are two main efficiency-optimization control strate-
gies for AFPMSMs: torque distribution and winding
switching.

Efficiency-optimization control strategies are mainly
aimed at systems driven by AFIR or multi-disc motors.
Among them, the dual-stator—single-rotor motor exhib-
its a small moment of inertia, compact structure, and
small mass [99]. The two stators are symmetrically
placed on both sides of the rotor such that the mid-
dle rotor receives two magnetic forces that offset each
other. The stator windings exhibit good heat-dissipation
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performance, more stable structures, and less mechani-
cal losses. Therefore, AFIR motors are suitable for appli-
cations requiring high efficiencies and torque densities
[100]. Additionally, multi-disc motors such as three-sta-
tor—double-rotor disc motors meet the requirements for
large torque outputs via coupling while ensuring a higher
load rate under the same load.

6.1.1 Torque Distribution

The goal of the torque-distribution-efficiency optimi-
zation strategies is to obtain a high operating efficiency
under the same speed and torque settings. Based on the
efficiency map, torque distribution is carried out on each
disc of the disc motor to achieve real-time switching of
the motor working state, widen the high-efficiency range
of the motor operation, and improve the global efficiency
of the system [33, 34, 101, 102].

Using this control strategy, the two stator windings
in a dual-stator motor are separately controlled by two
sets of inverters, and the double-stator drives the rotor.
Therefore, structurally, the two motors can be regarded
as coaxially driven. Thus, the system topology of the effi-
ciency-optimization control strategy can be obtained, as
shown in Figure 34 [33]. The cooperative optimization
controller receives control signals and torque data from
the vehicle controller through the external Controller
Area Network (CAN), determines the working state and
torque of multiple motor modules according to the preset
control strategy, and transmits it to multiple motor con-
trollers through the internal CAN unit. Additionally, the
collaborative optimization controller receives the motor
status information fed back from the motor controller
simultaneously and integrates the status information of
multiple motor modules into one motor status informa-
tion, where the current is the sum of the current of mul-
tiple motor modules along with the maximum voltage
value.

Instrumentation Vehicle Battery Management
Manager System (BMS)
CANI1
Collaborative
Optimization
Controller
I CAN2  CAN3 {
! Motor control unit :
| Motor Motor |
> Controller 1 Controller 2 :
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Sensor Motor 1 ' Battery
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|

Figure 34 Efficiency optimization control strategy system topology
diagram
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In Ref. [34], an AFIR motor was used for efficiency
optimization control. In this study, the motor drive sys-
tem was divided into two operation modes: single and
double windings. The efficiency map of the two modes
was analyzed, and high-efficiency operating modes at
different torques and speeds were selected to obtain the
optimal operation efficiency diagram of a dual-stator
motor. Simultaneously, the torque-coordinated control
strategy was combined to reduce the torque mutation
caused by mode switching, thereby reducing the impact
of current on the inverter.

In Ref. [102], PSO was used for torque distribution
optimization to improve the system efficiency and was
applied to energy feedback to further improve the system
operational efficiency. Moreover, to overcome the non-
linear interference of the system and improve the accu-
racy of the identification of the counter electromotive
force, an adaptive robust control method was used in the
current controller.

In Ref. [101], a three-stator-dual-rotor motor was used
as the object, and a BP neural network was used to opti-
mize the torque distribution mode with optimal effi-
ciency to improve the operating range by approximately
15% under two-ton and no-load conditions. Simultane-
ously, a current controller based on deadbeat current pre-
diction control was designed to improve the dynamic and
steady-state response capabilities of the motor current
loop and optimize the torque tracking characteristics.

In Ref. [103], a three-module AFPMSM was studied,
and each module adopted a DSSR-AFPMSM structure. A
genetic algorithm was used to allocate torque to two sta-
tor units within the same module, and the current opti-
mal torque allocation coefficient was calculated at each
torque speed point to achieve a cooperative optimization
of efficiency.

In Ref. [104], based on an asymmetric DSSR-AFPMSM
control system, an optimal torque allocation strategy
based on the simulated annealing algorithm was pro-
posed to broaden the high-efficiency interval of an
AFPMSM under comprehensive operating conditions to
obtain optimal torque allocation for system efficiency.
The effectiveness of the allocation strategy was verified
via simulations and experiments.

6.1.2 Winding Switching

The winding-switching method was originally used for
asynchronous motors driven by a single inverter. The
windings can be switched between parallel and series
windings to obtain a large starting torque [105]. Xu
et al. applied the winding switching control strategy to a
PMSM for electric vehicles. By designing a single-stator
PMSM with two sets of identical armature windings,
winding switching control was carried out in series and
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parallel to improve the low-speed climbing and starting
acceleration abilities of an electric vehicle and improve
the operating efficiency of the system. As shown in Fig-
ure 35, the winding connection under the series opera-
tion condition was switched with the turning speed as the
working condition boundary. The two sets of windings of
the motor were in series when the vehicle started acceler-
ating or climbing at a low speed. When the speed acceler-
ated to the turning speed of the motor winding in a series
operation, the winding switched to a parallel operation to
continue the acceleration [106]. In 2014, Wang proposed
a strategy to switch between series and parallel windings
and single windings of dual-stator motors to achieve low-
speed high-torque and high-speed low-torque operations
and improve system operation efficiency [107].

The winding switching method for a dual-stator motor
was applied to an AFPMSM controlled independently
by multiple inverters to increase the high-efficiency
range of motor operation; a redundant power supply
was provided using multiple inverters. In Ref. [108], the
winding switching control of a dual-stator disc motor
was implemented. To operate single, series, and parallel
windings, each phase winding was controlled by three
switches as shown in Figure 36. The switch control states
are shown in Table 4, where “0” denotes switch off and
“1” denotes switch on. The winding-switching boundary
was obtained by analyzing and comparing the optimal
efficiencies of the winding switching method in different
operating areas. Finally, the stator windings were oper-
ated in series at low speeds to improve the torque output
capability. When the motor was running at a high speed,
the stator windings were operated in parallel to expand
the weak magnetic range, thereby greatly improving the
power density, torque quality, and efficiency of the sys-
tem. Additionally, a phase-shifting method based on an
inverter PWM carrier effectively reduced the integrated
torque ripple to address the problem of a large torque
ripple in the parallel winding operation.

In summary, the two efficiency optimization con-
trol strategies were based on the efficiency map chart

Al Az Al Az
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Figure 35 Winding connection methods: a Parallel and b Series
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Figure 36 Distribution diagram of winding changeover switches

Table 4 On-off state of change-over switch

Serial number Working winding K, K, K;
Mode1 A 0 0 1
Mode2 Ay 1 0 0
Mode3 A, A, in series 0 1 0
Mode4 A, A, in parallel 1 0 1

and expanded the high-efficiency operating range of
an AFPMSM by switching the operating modes. How-
ever, both methods have advantages and disadvantages.
The winding switching strategy requires nine switching
devices to realize winding switching; therefore, the con-
trol is complex, and the possibility of failure is increased.
The switching mode of the torque distribution strat-
egy does not involve switching devices on and off and
is obtained by changing the given torque. However, the
torque-distribution strategy has a current mutation
when the working condition is switched and may affect
the inverter, whereas there is no effect on current during
winding switching. Both methods use offline data as the
basis for determining the working boundary, while the
motor operating efficiency varies considerably accord-
ing to the running condition; therefore, the method for
determining the online working condition needs to be
studied further.

6.2 Electromagnetic Torque-ripple Minimization Strategies
for DCPMSMs
The elimination of a DCPMSM core causes the induct-
ance of the stator winding to be too small and causes
electromagnetic torque fluctuation [109, 110]. Because
the DCPMSM has no core, the inductance of the sta-
tor winding is very small and leads to a fast change
in the stator current. Owing to the limitation of the
inverter switching frequency, the current in the stator
winding cannot be continuous and results in electro-
magnetic torque fluctuations caused by the current in
the motor without a tooth groove. Several studies have
been conducted to solve this problem. Two control
methods were proposed by Guang at Tianjin University.
In the first method, the carrier frequency in the PWM
control mode was improved, and the corresponding
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high-frequency inverter was configured to allevi-
ate electromagnetic torque fluctuation. However, the
inductance of the motor was too small, and the current
of the motor still contained a large number of high har-
monics that made the speed unstable. Moreover, owing
to the limitations of Insulated Gate Bipolar Transistor
(IGBT) technology, the frequency improvement was
not obvious. The second method is the brushless DC
mode control method based on a buck chopper circuit
that controls a DCPMSM by controlling the brushless
DC motor to reduce torque ripple.

In Refs. [109, 111], based on torque control, a cur-
rent-source chopper circuit was added at the front end
of the inverter bridge. The circuit is shown in Figure 37.
The inductance current on the DC bus was adjusted
by the PWM control of the switch tube on the bus to
change the current in the stator winding of the motor
in real time and achieve torque control. At the same
time, the relationship between the electromagnetic
torque and reverse electromotive force, rotor angle, and
current were used to estimate the instantaneous torque,
and a closed-loop torque control based on the current
vector was realized to effectively reduce torque ripple.

In Ref. [110], by increasing the switching frequency of
the drive circuit and given the insufficient voltage stress
of the high-switching-frequency MOSFET inverter, a
three-level midpoint-clamped inverter was proposed
as shown in Figure 38. A modified finite control set—
model predictive control algorithm was used to predict
the expected voltage vector and neutral voltage devia-
tion in the next control period to realize midpoint volt-
age balance and improve operational speed.

In Ref. [112], a multilevel cascaded H-bridge
(MLCHB) circuit was applied to a DCPMSM control
system consisting of several H-bridges in series. The
circuit is shown in Figure 39. This structure eliminated
the current ripple by combining the carrier shifts of
each H-bridge. When the MLCHB is used in electric
vehicles, its charge balance technology can be used to
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Figure 37 Current-source chopper circuit




Zhao et al. Chinese Journal of Mechanical Engineering

Uyel2
VA VB _e & ve
Clﬁ D, D, D;
x| | * _Ave
VA, VB,
v DC
Use N Ne— vy PMSM
Ne—t W,

X VN K A ve
D, \%3 D. véﬁ Dy . :

C—
v@%} v@%}x Bk
Uy 2

Figure 38 Three-level midpoint-clamped inverter circuit

(2023) 36:45

If

I

=

reduce the battery life reduction caused by unbalanced
charge and discharge rates.

Improvements in control strategies for reduc-
ing torque ripple have gathered significant attention.
Among them, direct torque control, model predictive
control, fuzzy control, neural networks, and PSO are
often applied.

Refs. [113, 114] used PSO to optimize a PI controller.
In Ref.[113], a new control scheme for a motor drive sys-
tem was proposed, and the PSO algorithm was used to
optimize the parameters of the PI controller and improve
the robustness of the control system. The experimental
results showed that the proposed control strategy maxi-
mized the output torque and speed range of the drive
system, and the PSO-PI controller reduced the torque
ripple and improved the stability of the control system. In
Ref. [114], a sensorless vector control strategy based on a
higher-order sliding-mode observer (SMO) with a super-
twisting algorithm was proposed. The general solution
and multi-objective optimization characteristics of the
PSO algorithm effectively tuned the PI coefficient to
overcome the limitations of the traditional setting. There-
fore, PSO was used to improve the gain of the PI control-
ler to minimize the speed and torque fluctuations caused
by the traditional PI parameter setting. In Ref. [115], an
intelligent controller was designed for an AFPMSM. The
controller was implemented as a neuro—fuzzy intelligent
control system to eliminate the need for a bulky gearbox,
and its feasibility was verified by manual measurements.

6.3 Synchronous Strategy of Contra-Rotating Rotors

A traditional AFPMSM rotor was synchronized with
a magnetic field to ensure the stability of motor opera-
tion. For a dual-rotor motor, however, a CRPMSM has
only one electrical end and two mechanical ends. When
the load torque on the two rotors is unbalanced, it is dif-
ficult to satisfy the torque balance condition and leads to
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the rotor being out of step and without proper control.
Therefore, ensuring the synchronous and stable opera-
tion of the two rotors is one of the main research pros-
pects for CRPMSMs [116].

In Refs. [29, 117], control of a CRPMSM based on vec-
tor control was studied. The closed-loop control of a rotor
with a large load was performed to realize the stability of
the system with two permanent magnet rotors without
loss of step under load imbalance or disturbance changes.
The rotor-position detection method was adopted in Ref.
[118]. After real-time detection and comparison of the
two rotor positions, a dynamic master-slave control strat-
egy was adopted to control the dual-rotor motor system
to control and ensure the synchronous rotation of the
two rotors under different load torque conditions. In Ref.
[119], dynamic master-slave control and direct torque
control were combined to reduce the dynamic system
response time.

In Ref. [120], a dynamic sliding-mode control strategy
that switched reference coordinate systems in real time
was proposed to correct the operation instability of a
CRPMSM when the load was unbalanced. The dynamic
control of the two rotors was realized by comparing the
torque angle in real time to switch the coordinate system
required for control. To solve the problem of the dynamic
control system being vulnerable to load disturbances,
a non-singular fast terminal sliding-mode velocity
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controller was constructed to improve the system robust-
ness. However, two problems exist with the dynamic
master-slave control method using a sliding-mode veloc-
ity controller: the robustness of the rotor is poor when
the load mutation is large, and the torque ripple is large
when the load is seriously unbalanced. Therefore, con-
sidering the problems in Ref. [120], Ref. [121] proposed
a control strategy that combined dual-rotor direct torque
control and load torque compensation. In this study,
the load torques of the two rotors were obtained by the
observer and feed-forward compensated to the direct
torque control system.

7 Development Directions

At present, although AFPMSMs have many advantages
over REPMSMs, research on many aspects is still lim-
ited. Future research and development prospects are as
follows:

(1) Multi physical field-coupling analysis

In the operation of an AFPMSM, multiple physi-
cal fields such as electromagnetic, temperature, and
flow fields have mutual influence and equilibrium.
Therefore, the coupling of each physical field must
be considered in the motor design process, and the
mutual influence should be analyzed. However, a
perfect theoretical analysis system for multi-physical
field coupling analysis is lacking, and research on the
establishment and optimization of models consider-
ing multi-physical field coupling is also limited.

(2) Electromagnetic noise and vibration

Harmonics are an important cause of electro-
magnetic noise and vibration. At present, research
on AFPMSM harmonic suppression mainly focuses
on the spatial harmonics caused by the design defects
motor bodies such as the tooth slot effect, magnetic
circuit saturation effect, and winding distribution
form that are suppressed through motor design opti-
mization. However, the time-harmonic suppression
caused by the nonlinear characteristics of invert-
ers and the current detection error has rarely been
studied in an AFPMSM control system. Research on
motor vibration caused by multiple inverters in series
and parallel and axial magnetic force is lacking.

(3) Multi-disc cooperative control technology

For AFPMSMs, inconsistent parameters
between the stator or rotor, multi-disc drive and
energy feedback braking, drive and field weakening
control, and other multi-disc cooperative control
technologies are subjects to be explored.
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(4) Reliability research

Fault detection and fault-tolerant control are
important technologies for improving the opera-
tional reliability of AFPMSMs. For multi-disc
motors, faulty module detection, removal, and oper-
ation technologies are important manifestations of
their structural advantages. Therefore, fault toler-
ance may be the focus of future studies.

8 Conclusions

With the demand for renewable energy generators and
transport, AFPMSMs have attracted significant atten-
tion. Thus, with the deepening of research on AFPMSMs
in related fields, their application scope becomes more
extensive. In this review, the basic topological structures
and classification of AFPMSMs, the design optimiza-
tion methods of AFPMSMs with or without a core, the
cogging torque minimization method, and the efficiency
optimization strategy were reviewed. The basic struc-
tures, designs, and control methods of CRPMSMs and
DCPMSMs were reviewed, and the development direc-
tions for AFPMSMs were summarized.
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